Introduction
Flavonoids are polyphenolic photochemicals which occur in edible fruits, vegetables, and certain beverages. Flavonoids represent a very interesting group of plant secondary metabolites that are ubiquitous in vascular plants. They are also involved in photosensitization and energy transfer, morphogenesis and sex determination, photosynthesis and regulation of plant growth hormones. 1 The flavonoids have aroused considerable interest recently because of their potential beneficial effects on human health; they have been reported to be antioxidants, antimicrobials, free radical scavengers, and metal chelators, and to have anti-allergic, anti-inflammatory, anti-tumor, anti-viral, and anti-bacterial properties. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Since flavonoids are an ubiquitous part of the human diet, their effects on human health are of interest. The study of health effects of flavonoids demands that sensitive methods be developed for their determination and quantifications.
Mass spectrometric methods coupled with liquid or gas chromatographic methods show great promise for the analysis and quantification of flavonoids in various samples. 16, 17 Silylation is the most widely used derivatization technique and silylation derivatives are generally less polar, more volatile and thermally more stable.
Generally, trimethylsilane (TMS) derivatives are analyzed using gas chromatography-mass spectrometry (GC-MS); this provides several fragment ions that are useful in the structural elucidation. Although GC-MS has been the mainstay for analysis of small molecules for the past 20 years, nowadays it is not widely used in flavonoid analysis due to the limited volatility of the flavonoid glycosides which are found widely in fruits and vegetables. With the advent of atmospheric pressure ionization (API) sources, liquid chromatography (LC)-MS has become the most widely used method for the analysis of flavonoids in a complex mixture. 18 ESI-MS/MS is powerful enough to distinguish several methylated flavonoid isomers based on their product ion spectra. 18 Moreover mass spectral reproducibility can be obtained using the relatively low-priced quadrupole ion trap instruments with wideband excitation and normalized collision energy, together with the ability of the ion trap to provide fragment ion spectra from mass-selected precursor ions. Furthermore, collision-induced dissociation (CID) is used to obtain fragment ions of structural relevance for identifying target compounds in highly complex mixtures. Chemical derivatization has the potential to alter the ionization properties of the analyte molecules favorably. Thus, the literature explains many examples where derivatization can be advantageously employed to enhance the signals obtained from soft ionization MS techniques, such as fast atom bombardment, thermospray, ESI, and matrix-assisted laser desorption-ionization. Analytes in the ESI region containing different functional groups can have diverse ionization properties, giving preferentially positive or negative ions depending on the mobile phase composition. For example, the ESI method in positive mode would work particularly well with positively charged (or easily chargeable) species (highly polar) so that a derivatization scheme which introduces such species to a wide variety of compounds would facilitate simultaneous measurement of an increased number of compounds in one analysis. 19 Recently, an active derivatization of less or non-ionic Many natural products contain flavonoids that display biological effects when ingested by humans and animals. Flavonoids have received a great deal of research interest, especially for possible cancer and heart disease-preventive properties. The content and the quality of each flavonoid may be a key to their biological effects. The recent development of electrospray ionization mass spectrometry (ESI-MS/MS) has made it possible to use it to study molecular interactions.
In the present work, we investigated the derivatization procedures for three flavonoids (chrysin, genistein, and luteolin) by using ESI-MS/MS. Each flavonoid and the derivatization reagent, N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), are mixed using acetonitrile and the mixture is introduced through an electrospray needle. The signal intensities for the derivative ions significantly increased, almost two or three orders of magnitude increased as compared to those for the protonated molecular ions of the flavonoids. Mass spectra of trimethylsilyl derivatives are fragmented at a fixed pattern by collision induced dissociation to obtain the structural relevance of the derivative flavonoids. Further fragmentation studies have been performed and results are discussed in detail. The results in the positive mode detection show that better high intensity data and more simplification of peaks appeared than that for the underivatized cases. compounds, such as steroids, phenols and fatty lipids, has now proved to be very important to enhance sensitivity and chromatographic resolution in LC-ESI (or APCI) MS/MS. A novel derivatization method employing 1,2-dimethylimidazole-4-sulfonylchloride to improve the mass spectrometric response for phenolic compounds in LC-ESI-MS and LC-ESI-MS/MS is described. 20 The derivatization of pregnenolone-3-sulfate, a steroid with 4-(N,N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-benzoxadiazole, gave a satisfactory sensitivity during the quantitative analysis using LC-ESI-MS/MS. 21 Higashi et al. reported in a review that ESI-MS derivatization enhances the ionization efficiencies of steroids and that introduction of permanently charged moieties or easily ionizable moieties effectively increases the sensitivity of detection of steroids. 22 A highly sensitive and specific quantification method of estrone and estradiol in human serum is described, based upon the use of picolinoyl derivatization and LC-ESI-MS in the positive mode. 23 Yang et al. reported the development of an enhanced LC/ESI-MS method for the identification and quantification of fatty acids through derivatization with 2-bromo-1-methylpyridinium iodide and 3-carbinol-1-methylpyridinium iodide, forming 3-acyloxymethyl-1-methylpyridinium iodide. 24 However, there is a lack of specific and sensitive analytical methods to identify and quantitate flavonoids at low levels in complex matrices.
Many derivatization reagents, such as N,N-dimethylaminonaphtalenesulfonyl (Dansyl) chloride, 25, 26 p-nitrobenzoyl chloride, 27, 28 pentafluorobenzyl bromide, 29, 30 and 2-fluoro-Nmethylpyridinium-p-toluenesulfonate 31, 32 for hydroxyl groups of steroid and lipid, and Girard-P, 33, 34 O-ethylhydroxylamine hydrochloride, 35 2-hydrizino-N-methylpyridine, 36,37 and 2-nitro-4-trifluoromethylhydrazine 38, 39 for steroidal carbonyl groups are reported. Ding et al., 40 Ali et al., 41 and Elba et al. 42 recently reported that derivatization with silylating agents, such as BSTFA with 1% trimethylchlorosilane (TMCS), significantly increased sensitivity and selectivity by GC-MS detection of phenolic compounds, including estrogenic chemicals. The improved sensitivity comes from the improved volatility and ionization efficiency in the gas phase of the silylated derivatives.
Generally flavonoids are slightly acidic, so detection of the protonated molecular ions using an ESI mass spectrometer in the positive mode is not sensitive. This investigation is evaluated by derivatization of flavonoids with BSTFA as a derivatizing reagent, employing electrospray ionization tandem mass spectrometry.
Characterizations of derivatives of flavonoids, such as chrysin, genistein, and luteolin with BSTFA, are performed using ESI tandem mass spectrometry in the positive mode. Derivatives of flavonoids with trimethylsilane (O-TMS) and dimethylsilane (O-DMS) are identified; significantly enhanced signal intensities and more simple mass spectra are observed, which is useful for the detection in low level of flavonoids in various samples. Mass spectra of trimethylsilyl derivatives are also fragmented at a fixed pattern and the structural characterization of the derivatives of flavonoids is then studied by using CID.
Experimental

Materials and solutions
Chrysin (5,7-dihydroxyflavone) and derivatizing reagent (BSTFA) containing 1% TMCS were obtained from Aldrich. Genistein (4¢,5,7-trihydroxyisoflavone) and luteolin (5,7,3¢,4¢-tetrahydroxylflavone) were purchased from Sigma.
The acetonitrile solvent used in the experiments was purchased from 
Electrospray ionization mass spectrometry conditions
All experiments were carried out using a Thermo Finnigan LCQ ion trap mass spectrometer (Thermo Finnigan Co., San Jose, CA) equipped with an electrospray interface. Operation conditions were as follows: spray voltage, 4.58 kV; capillary voltage, 5.12 V; heated capillary temperature, 250˚C; tube lens offset voltage, 20 V; and sheath gas (N2), 20 arb. All the mass spectra recorded were an average of 20 consecutive scans. The sample solutions were infused into the electrospray interface using a syringe pump at a flow rate of 5 ml min -1 . Helium gas admitted directly into the ion trap was used as the buffer gas to improve trapping efficiency and as the collision gas for CID experiments. CID experiments were performed by setting the isolation width between 5 and 10 mass units depending on the species of interest and by setting the activation amplitude at 20 -30% of 5 V until the relative abundance of selected ion was less than 20%.
Results and Discussion
ESI mass spectra in the mixture solution of flavonoids and BSTFA
The substances under investigation are chrysin, genistein, and luteolin. These have benzopyran skeletons with phenolic substituents of 2 -4 hydroxyl groups in benzene ring and one carbonyl group in benzopyran skeleton. The reagent used to derivatize is BSTFA containing 1% TMCS; this derivatizing reagent might lead to the formation of multiple O-TMS derivatives by the reaction with hydroxyl groups in the flavonoids. Figures 1 -3 show the full mass spectra generated in 5 ¥ 10 -5 M of chrysin, genistein, and luteolin before (a) and after (b) mixing with derivatizing reagent (BSTFA). Chrysin, genistein, and luteolin generated typical proton-bound molecular ion peaks, [M+H] + at m/z 255.3 for chrysin (Fig. 1a) , at m/z Fig. 2a) and at m/z 287.3 for luteolin (Fig.  3a) in the positive modes although the signal intensities are low and several undefined ion peaks in the high mass range are also detected. Generally flavonoids, such as chrysin, genistein, and luteolin, are slightly acidic and thus detection of the protonated molecular ions in the positive mode is not sensitive. In the presence of silylating reagent, several O-TMS derivative ions between flavonoids and BSTFA are observed (Figs. 1b -3b (Fig. 1b) (Fig. 3b) . The number of derivative ions are more than the hydroxyl groups amenable to derivatize in each molecule, indicating that carbonyl groups also involved in the derivatization. The signal intensities for the derivative ions significantly increased; almost two or three orders of magnitude increases are observed as compared to those for the protonated molecular ions of the flavonoids, which is useful for the enhanced determination of low level amount of flavonoids in various samples. Generally, the formation of a single derivative with a mass spectrum of ions of high diagnostic value is preferred to obtain maximum sensitivity and specificity. In our experiment, multiple hydroxyl groups and carbonyl groups amenable to derivatization generated multiple derivatives with significant enhancement of signal intensities, and less cluttered mass spectra for the derivative ions are quite useful for the diagnostic trace analysis of the flavonoids.
for genistein (
CID mass spectra of derivative ions and structural characterization
For the structural characterization of the derivative ions generated in the mixture of flavonoids and BSTFA, collision activated CID mass spectra measurements are performed by isolating the typical derivative ions in the ion trap. , by the loss of TMS and one proton (Fig. 4c) . From the results in Fig. 4 , derivatizing reactions and fragmentation patterns of the chrysin derivatives are illustrated in Fig. 7a . As shown in Fig. 7a , the carbonyl group at carbon 4 easily rearranged to the hydroxyl group, which then directly reacted with the silylating agent (BSTFA) or reacted with an adjacent O-TMS group, silylated by elimination of one methyl group to from two O-DMS bonds. The proposed derivatization reactions and fragmentation pathways for genistein are illustrated in Fig. 7b in more detail. Figure 6 shows the CID spectra for the derivative ions of luteolin at m/z 575, [M+4TMS-3H] + , and at m/z 647, 
Evaluation of derivatization with different amounts of BSTFA
In order to evaluate the favorite derivatizing reaction site in a short time, we recorded full mass spectra in the different amounts of BSTFA. Table 1 lists the relative abundances for the derivative ions obtained in the mixture of chrysin, genistein, and luteolin with different amounts of BSTFA. Because the flavonoids under investigation have more than one hydroxyl substituent amenable to derivatization, the reactions with BSTFA yield several derivatives with different abundances. Chrysin, which has two hydroxyl groups and a carbonyl group, yields 4 different kinds of derivative cations with BSTFA ( Table 1 ). The most abundant ion peak (base peak) initiated at m/z 383.4 with the composition of [M+2TMS-CH5] + as the amount of BSTFA exceeded 4%. This means that carbonyl group and adjacent hydroxyl group are most favorable for the derivatization as compared to the hydroxyl group at the site of C7 during the short time reaction period. In the case of genistein ( silylating reagent. In the mixture solution of luteolin (Table 1) , the most abundant 4TMS derivative ion at m/z 575.4 [M+4TMS-3H] + , is identified by increasing the amount of BSTFA; this indicates that adjacent hydroxyl groups in phenyl ring B are more reactive with BSTFA as compared to the hydroxyl groups in phenyl ring A at the site of C7.
Conclusions
Hydroxyl groups of the phenyl rings in chrysin, genistein, and luteolin easily react with derivatizing reagent BSTFA and form multiple O-TMS substituted derivative positive ion species. Carbonyl groups in flavonoids at the site of carbon 4 easily transformed to the hydroxyl groups by rearrangement and reaction with BSTFA. The rearrangements during derivatization produced the cations, which enhanced the abundances of the derivative positive ions and significantly enhanced the signal intensities as compared to the protonated molecular ions. Multiple hydroxyl and carbonyl groups amenable to derivatization generated multiple derivatives; these derivatives that have relatively higher abundances with higher sensitivities are observed in the presence of excessive amounts of derivatizing reagent, which is useful for the diagnostic analysis of the trace amounts of flavonoids in various samples. 
